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I 
摘 要 
在机电一体化领域，一种创新性的工艺技术，3D-MID（Three Dimensional 
- Molded Interconnect Devices，三维模塑互连器件或三维机电集成器件）技术，
抛弃传统的电路板，直接在三维基体材料上集成机械和电子功能，为利用有限
空间全新地设计机电一体化器件开辟了更为广阔的道路。这种直接在材料上集
成机械和电子功能的方式，以及对三维电路设计的需求，为 MID 产品设计增加
一定难度。 
三维布线布局是 MID 产品机电集成设计中的一个重要步骤，同时布线问题
是 NP 难题。目前针对 PCB 板和集成电路自动布线的研究已经非常全面，但是
对 MID 器件这类在三维基体表面和结构内进行自动布线的研究很少。 本文在
研究现有布线算法的基础上，重点开发了一个三维拓扑自动布线算法，解决复
杂形状三维基体表面上多线路布线问题。该算法的实现基于一个三维动态搜索
图。通过对三维电路基体表面进行约束 Delaunay 三角网格划分，并根据三维基
体面上边的拓扑关系所建立的三维搜索图，突破了单平面搜索布线的限制，搜
索图动态的更新能力保证了后续线路不与前面线路出现交叉。本文采用 hash 表
结合邻接表作为该三维搜索图的存储结构，采用修正后的启发式 A*算法进行最
短路径的搜索，可以有效地降低存储空间并且提升搜索速度。搜索后得到的线
路所经过的一系列三角形构成实际布线通道，进一步采用扩展的通道算法找到
理论最短线路——橡皮筋和添加 spokes 的拓展橡皮筋。由于橡皮筋有弹性可自
动伸缩，允许线路从两线路中间挤过去，该三维拓扑算法不仅提升了在小区域
存在密集元件和线路的布通率，还可以实现对后期线路规整进行布线方向的灵
活设置。 
其次本文对前期人员开发的集成电子元件库、MID 产品设计及激光成型
CAM 三个功能模块进行完善和集成，形成一个 MID 计算机辅助机电集成设计
系统，主要工作如下： 
1) 统一前期开发的三维电子元件库和 MID 产品设计模块中设计的数据
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II 
 
库，使前期开发的三维电子元件库真正集成在 MID 产品设计系统中，为 MID
设计使用。提升了数据库的开放性操作，不仅可以对已有电子元件进行机械、
电气信息的定义编辑，还可以新增三维电子元件，有效提升了该三维电子元件
库的使用效率。 
2) 在三维自动布线算法的基础上，开发了一些辅助布线功能，如交互定义
布线顺序、定义不可布线面以及可布性简单验证等。布线顺序的合理调整可有
效提升自动布线的效率和成功率。不可布线面的设置避免了三维布线基体上某
些特殊面不适合走线的情况，减少搜索范围、提高搜索效率。可布性的验证保
证了线路之间最小间距要求。 
3) 设计出一种专用的文件存储格式，用于保存 MID 机电集成产品的设计
信息，并且开发出相应的文件读写功能，为产品设计提供接口，提升整个系统
的实用性，提高设计开发者的产品开发效率。 
 
关 键 词：3D-MID 三维自动布线 拓扑布线算法 机电集成设计系统  
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Abstract 
3D-MID (Three Dimensional - Molded Interconnect Devices) is an innovative 
technology in mechatronics field that abandons conventional PCB boards, 
integrating the mechanical and electronic functions on 3D base material and opening 
up a wider path to utilize limited space to design new mechatronics devices. 
Obviously, this new technology requires, 3D layout design, increasing the 
difficulties of MID products design. 
3D layout is crucial in integrated design for mechatronic products, and routing 
is a NP problem. Research for routing on PCB boards and integrated circuits is 
plentiful, but there is little research on 3D auto-routing on 3D base surfaces of MID 
products. A 3D topological auto-routing algorithm was developed in this paper based 
on a 3D search graph, figuring out the problem of routing on complex routing bases 
surface. The 3D search graph concludes adjacent relations among different surfaces, 
getting rid of surface limitation. The renewal of the search graph assure that routes 
won’t cross through each other. In addition, the data structure combining hash table 
and adjacency list was used to store the 3D search graph, which reduces the storage 
space and promote the algorithm efficiency. Afterwards, the generation of 
rubber-bands was realized on modified A* algorithm and funnel algorithm. And then 
append appropriate spokes to obtain extended rubber-bands, which are treated as 
shortest paths theoretically. The completion rate of routing can be elevated where 
there are excessive routes in relatively small region, for rubber-bands are elastic 
allowing next route squeeze through two existed routes. 
Besides, this paper integrated and promoted electronic parts library, MID 
product design module and laser direct structuring (CAM) module, forming a MID 
integrated design system. The main research contents are as follows: 
1) Unify the electronic parts library developed in earlier stage and the 3D 
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integrated database in MID product design module, and make the electronic parts 
library developed can be utilized in MID product design. And also develop the 
function to add new 3D electronic parts into the unified database. 
2) Some auxillary routing functions were developed based on the 3D 
auto-routing algorithm, like verification of routability, interactive definition of 
routing order and unrouted faces. The proper adjustments of routing order facilitate 
the routing process. Definition of unrouted faces avoid some special faces which are 
not suited for routing, reducing search scope and enhancing search efficiency. The 
minimum distance among multiple routes.  
3) Finally, this paper design a particular file format to preserve the integrated 
information of MID products and develop corresponding functions to read and write 
this kind of files, which provide interface for the save and import of MID products. 
The practicability of the MID integrated design system was promoted to a large 
extent. 
Keywords: 3D-MID; 3D auto-routing algorithm; topological routing algorithm; 
mechatronic design system 
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